
Introduction
Multiple studies have demonstrated conclusively a
link between diabetes and periodontal disease in
human subjects (1, 2). Consequently, periodontal dis-
ease has been described as the sixth complication of
diabetes mellitus (3). It is likely that multiple factors
underlie this association, from impaired host defens-
es upon engagement of invading bacterial pathogens
to exaggerated inflammatory responses once infection
is established. Potential pathogenic mechanisms for
accelerated alveolar bone loss in diabetic subjects
include impaired recruitment and function of neu-
trophils in response to infection with pathogenic bac-
teria (4, 5), diminished generation of collagen and
exaggerated collagenolytic activity (6, 7), as well as
genetic predisposition (8). Recent studies have sug-
gested that the enhanced inflammatory response to
periodontal pathogens is associated with increased
severity of diabetic periodontal disease (9). Specifical-
ly, elevated levels of inflammatory mediators, includ-
ing increased production of prostaglandin E2 (PGE2),
IL-1β, and TNF-α by monocytes in culture, as well as
increased levels of PGE2 and IL-1β in gingival exudate,
were observed in diabetic patients with gingivitis or
periodontitis compared with age-matched non-dia-
betic controls (10).

Even sporadically elevated levels of blood glucose lead
to the generation of largely irreversible Advanced Glyca-

tion End products, or AGEs (11–13). AGEs accumulate
in the tissues and plasma of humans and rodents in nor-
mal aging and do so to a greater degree in those with dia-
betes. Their earlier and enhanced accumulation in dia-
betes has been linked to the pathogenesis of vascular and
inflammatory cell complications that typify this disor-
der. Our laboratory has identified a central cell-surface
receptor for these AGEs, termed RAGE (receptor for
AGE), a multiligand member of the immunoglobulin
superfamily of cell-surface molecules (14, 15). RAGE is
expressed on a range of cell types, such as endothelial
cells, monocytes, smooth muscle cells, and fibroblasts,
at low levels in adult healthy animals but at significant-
ly higher levels in settings such as diabetes (16–18). Mul-
tiple studies have demonstrated that engagement of
RAGE by AGEs on cells critically involved in inflamma-
tory responses results in cellular perturbation (19). For
example, in endothelial cells interaction of RAGE with
AGEs results in hyperpermeability and enhanced expres-
sion of a range of adhesion molecules such as vascular
cell adhesion molecule-1 (VCAM-1). AGE-RAGE inter-
action on monocytes induces chemotaxis and hapto-
taxis, as well as increased generation of cytokines such as
TNF-α, IL-1β, and IL-6. Further, in fibroblasts engage-
ment of RAGE results in diminished collagen synthesis.
Indeed, evidence for perturbed cellular and connective
tissue properties has been established in the setting of
long-term diabetes (20).
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Diabetes is associated with increased prevalence, severity, and progression of periodontal disease.
To test the hypothesis that activation of RAGE (Receptor for Advanced Glycation End products)
contributes to the pathogenesis of diabetes-associated periodontitis, we treated diabetic mice,
infected with the human periodontal pathogen Porphyromonas gingivalis, with soluble RAGE
(sRAGE). sRAGE is the extracellular domain of the receptor, which binds ligand and blocks inter-
action with, and activation of, cell-surface RAGE. Blockade of RAGE diminished alveolar bone loss
in a dose-dependent manner. Moreover, we noted decreased generation of the proinflammatory
cytokines TNF-α and IL-6 in gingival tissue, as well as decreased levels of matrix metallopro-
teinases. Gingival AGEs were also reduced in mice treated with sRAGE, paralleling the observed
suppression in alveolar bone loss. These findings link RAGE and exaggerated inflammatory
responses to the pathogenesis of destructive periodontal disease in diabetes.
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Consistent with an important role for AGE-RAGE
interaction in diabetic complications, in vivo studies
revealed that administration of soluble RAGE (sRAGE),
the extracellular ligand-binding domain of RAGE, to
diabetic rodents resulted in diminished vascular hyper-
permeability and suppression of accelerated atheroscle-
rosis (21, 22). In the latter case, treatment of diabetic apo
E–null mice with sRAGE resulted in quenching of cellu-
lar activation, with decreased numbers of monocytes and
smooth muscle in lipid/AGE-rich atheroma (22).

Our recent observations have suggested that RAGE is
also a central cell-surface receptor for EN-RAGE (extra-
cellular newly identified RAGE binding proteins) and
other members of the S100/calgranulin family of
proinflammatory cytokines (23). These largely intra-
cellular proteins (within effector cells key in the inflam-
matory response such as polymorphonuclear leuko-
cytes and monocytes) may gain access to the
extracellular space in inflammatory milieu. Upon
release, their ability to interact with cellular RAGE
appears to be an important means by which to propa-
gate and sustain inflammatory cellular perturbation
and chronic tissue injury (24, 25). Consistent with
these concepts, blockade of RAGE and/or EN-RAGEs
suppressed inflammation and activation of key tran-
scription factors such as NF-κB in murine models of
delayed-type hypersensitivity and colitis (23).

We thus hypothesized that the interaction of RAGE
with AGEs and/or EN-RAGEs may contribute to
inflammation and destruction of nonmineralized con-
nective tissue and bone in diabetes-associated peri-
odontal disease. To test this hypothesis, we previously
established a model of periodontal inflammation and
accelerated alveolar bone loss in diabetic mice infected
by oral/anal administration with the human Gram-neg-
ative anaerobic periodontal pathogen Porphyromonas
gingivalis (26). Here we demonstrate that blockade of
RAGE in this murine model diminished accelerated
alveolar bone loss. Importantly, decreased generation of
inflammatory cytokines and tissue-destructive matrix
metalloproteinases (MMPs) was observed in the pres-
ence of RAGE blockade. These findings were associated
with decreased levels of gingival tissue AGEs in a man-
ner paralleling the suppression of alveolar bone loss.
These data implicate RAGE and exaggerated inflam-
matory responses in the pathogenesis of destructive
periodontitis associated with diabetes.

Methods
Induction of diabetes and assessment of hyperglycemia.
C57BL/6 male mice were obtained from The Jackson
Laboratories (Bar Harbor, Maine, USA) and housed in
a standard non–pathogen-free environment. When the
mice were 6–7 weeks old, diabetes was induced by 4
daily intraperitoneal injections of streptozotocin (55
mg/kg; Sigma Chemical Co., St. Louis, Missouri, USA)
diluted into sterile citrate buffer (0.05 M, pH 4.5). Con-
trol mice were injected with citrate buffer alone. Seven
days after the first injection of either streptozotocin or

citrate buffer, non-fasted whole blood (0.05 mL) was
removed from the tail vein. Plasma was separated from
the red blood cells and assessed for levels of glucose
using the glucose oxidase method (Sigma). Analysis of
plasma glucose was repeated on an alternate day. Dia-
betes, mediated by relative insulin deficiency, was
defined as serum glucose ≥ 300 mg/dL on 2 separate
occasions. Animals treated with streptozotocin that did
not manifest hyperglycemia (approximately 5%) were
treated with 2 further daily injections of streptozo-
tocin. Assessment of serum glucose was repeated 3 days
later and mice who did not become diabetic were sacri-
ficed (<1% of latter group). At sacrifice, red blood cells
were removed, washed, and lysed for detection of levels
of glycosylated hemoglobin (Pierce Chemical Co.,
Rockville, Illinois, USA).

Inoculation with Porphyromonas gingivalis. One month
after treatment with streptozotocin or citrate buffer,
mice were infected with P. gingivalis, strain 381, gener-
ously provided by J. Zambon (State University of New
York, Buffalo, New York, USA) (27, 28). Approximate-
ly 0.2 mL of 1.5 × 1012 cells/mL in PBS were adminis-
tered every other day for a total of 4 days, in part by gav-
age, and by local application using a cotton swab along
the gingival margin throughout the mouth and the col-
orectal area (26–28). Mice were then allowed free access
to standard mouse chow (Purina 5001, Purina Mills
Inc., St. Louis, Missouri, USA) and water.

Preparation and administration of murine sRAGE. Murine
sRAGE was prepared in a baculovirus expression system
using Sf9 cells, purified to homogeneity, devoid of endo-
toxin, and sterile-filtered (0.2 µm) according to proce-
dures published previously (22). Mice received daily
intraperitoneal injections of sRAGE (at dosages ranging
from 3.5 to 100 µg per day), commencing the day after
administration of P. gingivalis was completed and contin-
uing for a total of 2 months. This time point was previ-
ously shown to be the earliest one at which bone loss
became significantly greater in diabetic mice as compared
with non-diabetic controls (26). Murine serum albumin
(MSA; Sigma) was employed as control treatment.

Quantification of alveolar bone loss. Evaluation of the
extent of periodontal destruction by measurement of
alveolar bone loss was determined as described previ-
ously (26). Briefly, at sacrifice mandibles were
removed, hemisected, exposed to KOH (2%), and then
mechanically defleshed. The jaws (exposure of the lin-
gual surface of each half mandible) were pho-
tographed using a dissecting microscope. For each
mouse, alveolar bone loss was defined as the total area
between the cemento-enamel junction (CEJ) and the
alveolar bone crest (BC) for a total of 6 posterior teeth.
The slides were scanned into a photo CD (Eastman
Kodak Co., Rochester, New York, USA) and quantifi-
cation was performed by a blinded investigator on a
Macintosh computer using the public domain Nation-
al Institutes of Health Image program (version 1.60;
NIH, Bethesda, Maryland, USA). Total area, in arbi-
trary pixel units, is reported for each mouse. Based on
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studies using standardized units of measurement
superimposed onto the slides, 12,210 pixels = 1 mm2.

Determination of levels of MMPs, RAGE, and EN-RAGEs
in gingival samples. For detection of MMPs, gingival
extracts were prepared as described previously (26).
Briefly, gingival tissue pooled from sufficient numbers
of mice per condition to normalize for final weight was
homogenized in buffer containing Tris-HCl, NaCl,
CaCl2, and urea, and rocked overnight at 4°C. After
centrifugation, the supernatant was dialyzed versus
20,000 volumes of buffer containing Tris-HCl, NaCl,
and CaCl2 over 3 days. Then (NH4)2SO4 was added to
the dialyzed material to achieve 60% saturation, and the
mixture was incubated overnight at 4°C. After cen-
trifugation, the pellet was solubilized in buffer con-
taining Tris-HCl, NaCl, CaCl2, and Brij 35. The solubi-
lized material was then dialyzed versus 20,000 volumes
in the dialysis buffer over 2 days. Samples retrieved
after dialysis were adjusted for total protein concentra-
tion (measured with the Bio-Rad protein assay; Bio-Rad
Laboratories Inc., Hercules, California, USA) and sub-
jected to electrophoresis on Tris-glycine gels (10%;
Novex, San Diego, California, USA). Contents of the
gels were then transferred to nitrocellulose membranes
(Novex), and immunoblotting was performed using
mouse monoclonal anti-MMP 9 and anti-MMP 3 IgG
(Oncogene Research Products, Cambridge, Massachu-
setts, USA). Rabbit anti-mouse IgG labeled with horse-
radish peroxidase (Sigma) was employed to identify the
binding sites of primary antibody. In the case of RAGE
or EN-RAGEs, gingival tissue, stored previously at
–80°C, was thawed and homogenized in PBS contain-
ing a protease inhibitor mixture (Boehringer
Mannheim Biochemicals Inc., Indianapolis, Indiana,
USA). Protein concentration was measured as above,
and samples were subjected to electrophoresis on Tris-
glycine gels (10% and 18%, respectively). Contents of
the gels were then transferred to nitrocellulose mem-
branes (Novex), and immunoblotting was performed
with rabbit anti-murine RAGE IgG (22) or rabbit anti-
bovine EN-RAGE (23) (the latter cross-reacts with the
murine antigens), followed by goat anti-rabbit IgG
labeled with horseradish peroxidase. In all cases, the
enhanced chemiluminescence (ECL) detection system
(Amersham-Pharmacia Biotech, Piscataway, New Jer-
sey, USA) was used to indicate sites of primary/second-
ary antibody binding. Densitometry was performed
using the ImageQuant software (Molecular Dynamics,
Foster City, California, USA).

Determination of gelatinolytic activity in gingival samples.
Gingival extracts, prepared as described above for
detection of MMP protein, were subjected to elec-
trophoresis on Tris-glycine gels (10%) containing gela-
tin (0.1%) according to the manufacturer’s instructions
(Novex). After staining in Coomassie brilliant blue
(0.5%), gels were dried, and densitometric analysis was
performed using ImageQuant.

Detection of proinflammatory mediators in gingival tissue.
Gingival tissue was prepared as above for detection of

RAGE and EN-RAGEs. The extracts were assayed for
levels of TNF-α and IL-6 by ELISA according to the
manufacturer’s instructions (R&D Systems, Min-
neapolis, Minnesota, USA).

Analysis of gingival tissue for AGEs. At sacrifice, gingival
tissue was removed, fixed in buffered formalin (10%),
and then paraffin-embedded sections, 5-µm thick, were
prepared. Immunohistochemistry was performed
using affinity-purified rabbit anti-AGE IgG raised
against carboxymethyl(lysine) (CML) modifications of
proteins (29). CML-modifications of proteins, the pre-
dominant AGEs occurring in vivo, have been demon-
strated to be specific AGE signal-transducing ligands
of RAGE (29). In addition, for each condition sections
were stained with nonimmune rabbit IgG at the same
concentration as immune IgG. Detection of sites of pri-
mary antibody binding was accomplished using sec-
ondary antibodies and reagents in the ExtrAvidin Alka-
line Phosphatase Staining Kit (Sigma). Quantification
of immunohistochemistry was then performed as fol-
lows: multiple sections (5–10) per condition were
imaged under high power (×200) using a Zeiss micro-
scope and attached Sony video camera. Images were
analyzed with respect to staining intensity on a Macin-
tosh computer using the NIH Image program. Specifi-
cally, sections immunostained with nonimmune IgG
for every condition were used to correct for back-
ground and nonspecific staining and to set the thresh-
old above which staining of immune IgG sections was
considered positive and specific for CML-AGE modifi-
cations. Results are presented as the percent above non-
diabetic MSA-treated animals.

Statistical analysis. In all cases, mean ± SE is reported.
Statistical analysis was performed using Statview 4.01
(Abacus Concepts, Inc., Berkeley, California, USA) for
Macintosh. When only 2 groups were compared, a 2-
tailed student’s t test was used. Multiple comparisons
of bone loss measurements were performed by
ANOVA. Dunnett’s t test was used for post hoc com-
parisons. P values less then 0.05 were considered sta-
tistically significant.

Results
We demonstrated previously that sustained hyper-
glycemia in C57BL/6 mice inoculated with the peri-
odontal pathogen P. gingivalis resulted in significantly
increased alveolar bone loss 2 months after infection
(26). To test the hypothesis that interaction of AGEs
and/or EN-RAGEs with RAGE on critical cells in diabet-
ic periodontium accounted for, at least in part, exagger-
ated inflammation and excessive alveolar bone loss, mice
were rendered diabetic with streptozotocin and 1 month
later were inoculated with P. gingivalis. Commencing
immediately after inoculation, mice were treated once
daily with intraperitoneal injections of either murine
sRAGE or vehicle (MSA) for 2 months. At that time
point, alveolar bone loss, defined as the area between the
CEJ and BC, in diabetic MSA-treated mice was 6,272 ±
81 pixels (mean ± SE; Figure 1, a and c), significantly
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greater than that observed in non-diabetic mice (4,234 ±
114 pixels; Figure 1, a and b). Upon administration of
sRAGE, diminished bone loss was observed. Alveolar
bone loss in diabetic mice receiving sRAGE 25, 35, 50, or
100 µg per day was significantly suppressed (5,437 ± 74,
5129 ± 117, 4,912 ± 39, and 4,879 ± 151 pixels, respec-
tively) when compared with diabetic mice receiving MSA;
P values were less than 0.0002 in all cases (Figure 1 a, d,
and c, respectively). The effects of sRAGE were dose-
dependent. At lower doses of sRAGE (3.5 and 12 µg per
day), levels of bone loss were similar to those observed in
MSA-treated diabetic mice (6,149 ± 47 and 6,147 ± 79
pixels, respectively; Figure 1a). Because these latter 2
doses of sRAGE were not effective in preventing exces-
sive alveolar bone loss, they are herein noted as
sRAGE(–); those higher doses effective in reducing bone
loss are noted as sRAGE(+).

Importantly, the beneficial effects of sRAGE in sup-
pressing alveolar bone loss were independent of the
level of glycemia. Mean levels of glycosylated hemoglo-
bin (note that these moieties are early glycation prod-
ucts, not AGEs) were not significantly different in
sRAGE(+)-treated diabetic mice than levels observed in
MSA-treated diabetic animals (9.55 ± 0.34% vs. 9.28 ±
0.14%, respectively; Figure 1e).

Since cytokines and MMPs are implicated in the soft
tissue injury and bone loss that are pathognomonic of
periodontal disease (9–10, 30–32), we assessed the lev-
els of these mediators in gingival tissue. We first stud-
ied levels of MMP protein in gingival extracts. Com-
pared with non-diabetic mice treated with MSA,
diabetic mice demonstrated an approximately 7.3-fold
increase in levels of MMP-9 as determined by
immunoblotting (Figure 2a, lanes 1 and 2, respective-
ly). In sRAGE(+)-treated diabetic animals, levels of
MMP-9 were reduced 47% (Figure 2a, lane 4). In con-
trast, in sRAGE(–)-treated mice, levels of MMP-9 were
reduced only 19% (Figure 2a, lane 3). We similarly
assessed levels of MMP-3 in gingival extracts. An
approximately 3.9-fold increase in levels of MMP-3 by
immunoblotting was observed in diabetic mice com-
pared with non-diabetic controls, both receiving MSA
(Figure 2b, lanes 2 and 1, respectively). In the presence
of effective doses of sRAGE, levels of MMP-3 were
reduced 70% in diabetic gingival extracts (Figure 2b,
lane 4) and 45% in diabetic mice treated with the lower
doses of sRAGE (Figure 2b, lane 3).

Consistent with these observations, MMP-2 activity, as
assessed in gingival extracts by zymography, was
enhanced 3.4-fold in diabetic, MSA-treated mice com-
pared with non-diabetic controls (Figure 2c and inset,
lanes 2 and 1, respectively). MMP-2 activity was reduced
50% in mice treated with higher, effective doses of
sRAGE, but only 17% in mice treated with lower doses of
sRAGE (Figure 2c and inset, lanes 4 and 3, respectively).

TNF-α is an important proinflammatory cytokine
associated with tissue destruction in periodontitis
(30–32). Levels of TNF-α in gingival tissue extracts
from diabetic MSA-treated mice (n = 9) were signifi-
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Figure 1 
Administration of murine sRAGE results in dose-dependent sup-
pression of alveolar bone loss in diabetic mice. (a) Alveolar bone
loss. Male C57BL/6J mice were rendered diabetic with streptozo-
tocin or treated with vehicle, citrate buffer alone. One month after
documentation of diabetes or control state, all mice were inocu-
lated with P. gingivalis, strain 381, as described in Methods. Imme-
diately after inoculation, diabetic animals (filled bars) were treat-
ed with either MSA, 100 µg/day (n = 11), or sRAGE, 100 µg/day
(n = 5), sRAGE, 50 µg/day (n = 13), sRAGE, 35 µg/day (n = 12),
sRAGE, 25 µg/day (n = 11), sRAGE, 12 µg/day (n = 13), or sRAGE,
3.5 µg/day (n = 12) for 2 months. Similarly, non-diabetic mice
(hatched bar) were treated with MSA, 100 µg/day (n = 12). Upon
sacrifice, defleshed mandibles were assessed for extent of alveolar
bone loss by morphometric analysis. Results are reported as mean
arbitrary pixels per condition ± SE. In these studies, 12,210 pixels
= 1 mm2. Statistical analyses are as follows: diabetes/MSA vs. non-
diabetes/MSA, P = 0.009; diabetes/MSA vs.: sRAGE 25, 35, or 50
µg/day, P < 0.00001; sRAGE 100 µg/day, P < 0.0002; sRAGE, 3.5
µg/day, P = 0.28; and vs. sRAGE, 12 µg/day, P = 0.20. AStatisti-
cally significant differences compared with diabetes/MSA. (b–d).
Representative photographs of mandibles. The lingual surfaces of
posterior teeth are shown in defleshed half mandibles obtained
from a non-diabetic mouse treated with MSA (b) and diabetic
mice treated with MSA (c) or sRAGE(+) (d). The outlined areas
between the CEJ and BC were computer analyzed and measured
to evaluate differences in alveolar bone loss between groups. (e)
Measurement of glycosylated hemoglobin. At the time of sacrifice,
lysates of red blood cells were prepared as described and percent
of glycosylated hemoglobin determined. The mean ± SE is report-
ed. Statistical analyses are as follows: non-diabetes/MSA vs. dia-
betes/MSA, P = 0.005; diabetes/MSA vs. diabetes/sRAGE(+), P =
0.5; and diabetes/sRAGE(+) vs. non-diabetes/MSA, P = 0.005.
AStatistically significant differences compared with diabetes/MSA
or diabetes/sRAGE (+).



cantly increased compared with levels observed in non-
diabetic MSA-treated controls (n = 10; 6.4 ± 0.29 vs. 4.7
± 0.32 ng/µg tissue; P = 0.00003). In diabetic sRAGE(+)-
treated mice (n = 8), levels of TNF-α were diminished
40% compared with MSA-treated diabetic animals (3.8
± 0.58 vs. 6.4 ± 0.29 ng/µg tissue; P = 0.001). Indeed, lev-
els of TNF-α in diabetic sRAGE(+)-treated mice were
comparable to those in non-diabetic animals. In con-
trast, however, in sRAGE(–)-treated diabetic mice (n =
11) levels of TNF-α were only suppressed 20% com-
pared with MSA-treated diabetic mice (5.1 ± 0.3 vs. 6.4
± 0.29 ng/µg tissue; P = 0.07).

We also assessed levels of IL-6 in gingival extracts,
because it has been implicated in a number of proin-
flammatory events, including bone-resorptive activ-
ity (33, 34). Even though levels of IL-6 in gingival tis-
sue, in general, demonstrated some variability, an
approximately 1.7-fold increase in the level of IL-6
was noted in diabetic MSA-treated mice (n = 5) com-
pared with non-diabetic controls (n = 7; 4.98 ± 1.4 vs.
3.00 ± 0.7 ng/µg gingival tissue; P = 0.34). A trend
toward decreased levels of IL-6 was noted in
sRAGE(+)-treated diabetic mice (n = 6; 3.98 ± 1.1
ng/µg tissue) compared with MSA-treated diabetic
mice (P = 0.84). In contrast, levels of gingival IL-6
were not decreased in sRAGE(–)-treated mice (n = 6;
5.53 ± 1.7 ng/µg tissue) compared with MSA-treated
diabetic animals (P = 0.48).

Since the promoter of RAGE is enriched in elements
tightly linked to the inflammatory response, such as
NF-κB (35), and since sRAGE prevents access of ligand
to the cell-surface receptor, we hypothesized that
decreased levels of RAGE itself might ensue upon
administration of sRAGE. Consistent with these con-

cepts, immunoblotting of gingival extracts revealed
increased RAGE protein in diabetic compared with
non-diabetic MSA-treated mice (Figure 3a); levels of tis-
sue RAGE were suppressed, however, in mice treated
with sRAGE (Figure 3a).

Both AGEs and/or EN-RAGEs are putative ligands
promoting RAGE activation. We thus assessed their lev-
els in gingival tissue. Compared with non-diabetic
mice, levels of EN-RAGEs were increased ≈2-fold in dia-
betic MSA-treated mice (Figure 3b). Significant sup-
pression of EN-RAGE levels was observed in gingival
tissue of mice treated with sRAGE(–) or sRAGE(+) (Fig-
ure 3b). Furthermore, consistent with earlier observa-
tions (26), gingival tissue from diabetic MSA-treated
mice demonstrated enhanced accumulation of AGEs
compared with non-diabetic MSA-treated controls,
especially within the vascular structures and sur-
rounding epithelial and connective tissues (Figure 3, e
and d, respectively, and Figure 3h). Accumulation of
epithelial/connective tissue and vascular AGE was sig-
nificantly suppressed in diabetic sRAGE(+) mice;
indeed these levels were not significantly different than
those observed in non-diabetic MSA-treated mice (Fig-
ure 3, g and d, respectively, and Figure 3h). In contrast,
accumulation of gingival AGE retrieved from
sRAGE(–)-treated diabetic mice was not different than
that retrieved from diabetic MSA-treated mice (Figure
3, f and e, respectively, and Figure 3h).

Discussion
Recent concepts have emerged linking the pathogene-
sis of certain diabetic complications to enhanced
inflammatory responses. In such settings, sustained cel-
lular activation often leads not to repair, but rather to
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Figure 2
Administration of sRAGE to diabetic mice results in diminished levels of MMP protein and activity. (a, b) Immunoblotting. (a) MMP-9. Gin-
gival tissue extracts were prepared as described and total protein (150 ng) was subjected to electrophoresis on Tris-glycine gels. The contents
of the gels were transferred to nitrocellulose membranes, and immunoblotting was performed using mouse monoclonal anti-MMP 9 (2
µg/mL). Densitometry was performed using ImageQuant. Molecular weight markers (kDa) are indicated at the right of the immunoblot. In
these experiments, intensity of the band obtained from gingival extract of non-diabetic MSA-treated animals was arbitrarily defined as 1. These
experiments were performed 3 times with analogous results. (b) MMP-3. These experiments were performed as described in a; final concen-
tration of anti-MMP-3 IgG was 1 µg/mL. (c) Zymography. At sacrifice, gingival extracts were prepared as described. Two hundred twenty
nanograms of total protein per sample was subjected to chromatography onto gels containing gelatin (0.1%); bands representing MMP-2 are
indicated. Densitometric analysis was performed and is demonstrated in the inset. Bands from non-diabetic mice treated with MSA were arbi-
trarily defined as 1. These experiments were performed 3 times with analogous results.



tissue injury and chronic disease (36).
For example, elevated levels of plasma
C–reactive protein were found in patients
with type 1 diabetes, along with
increased levels of circulating von Wille-
brand factor and soluble VCAM-1 (37).
Together, these factors were associated
with increased urinary albumin excre-
tion, a marker of diffuse vascular dys-
function associated with long-term cardiovascular
complications (38, 39). In this context, a plethora of
studies have suggested a direct link between enhanced
levels of inflammatory mediators and tissue-destructive
enzymes and severe periodontal disease in diabetes. Our
present findings demonstrate that blockade of RAGE
results in suppression of both alveolar bone loss and
markers of cellular activation/tissue-destructive prop-
erties in diabetic mice infected with P. gingivalis. These
data further support the concept that factors central to
diabetes, such as activation of RAGE, account for exag-
gerated inflammation and tissue destruction in diabet-
ic periodontium and thus provide novel insights into
the molecular mechanisms underlying the pathogene-
sis of diabetes-associated periodontal disease.

The implications of diabetes-associated periodonti-
tis extend to the general health of the host, because
recent findings have linked periodontal disease to
increased incidence of disorders, such as atherosclero-
sis and cerebrovascular events, in which inflammation
plays an important role (40–44). Because diabetes itself
is a risk factor for aggressive vascular disease (45, 46),
these considerations highlight a sustained cascade of
cellular activation, linking diabetes, periodontal and
systemic inflammation, and atherosclerosis. Indeed,
studies suggesting that treatment of periodontal dis-
ease improved glycemic control in diabetic individuals,
as measured by reduction of glycated hemoglobin,
close this loop and underscore an inextricable link

between diabetes and the inflammatory response (47).
Furthermore, the present findings identify an impor-
tant role for RAGE in these processes, because this and
previous studies have indicated that blockade of RAGE
suppresses inflammatory complications of diabetes,
such as accelerated atherosclerosis (22) and, now, peri-
odontitis-associated alveolar bone loss.

Importantly, the present studies provide new insights
into the biology of RAGE and its ligands in distinct set-
tings. Our data suggest that AGEs are a critical ligand for
RAGE in diabetic periodontium because decreasing lev-
els of gingival AGEs paralleled the observed suppression
of alveolar bone loss with sRAGE treatment. In contrast,
levels of gingival EN-RAGEs were similarly suppressed in
both diabetic sRAGE(–) and sRAGE(+) mice. Of course,
we cannot definitively rule out the possibility that differ-
ences in cellular localization of EN-RAGEs (that is, with-
in the intracellular or extracellular space) may have exist-
ed between the 2 groups of mice. Nevertheless, the data
suggest that chronic accumulation of AGEs, signal-trans-
ducing ligands of RAGE, provided a potent and sustained
stimulus to activation of the receptor and of tissue-
destructive inflammatory cascades in diabetic periodon-
tium. In addition, strongly supportive of the central role
for AGEs in diabetes-associated periodontitis is our find-
ing that administration of sRAGE, 35 µg/day, to eug-
lycemic mice infected with P. gingivalis did not result in
suppressed alveolar bone loss in this model (4,056 ± 111
vs. 4,234 ± 114 pixels, respectively).
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Figure 3
Immunoblotting for RAGE (a) and EN-RAGEs (b)
and immunohistochemistry for AGEs (c–h). At sac-
rifice, gingival tissue was removed and was either
prepared for immunoblotting as described above or
fixed in buffered formalin (10%). Paraffin-embed-
ded sections, 5 µm thick, were prepared for
immunohistochemistry. Immunoblotting was per-
formed with rabbit anti-murine RAGE IgG (4.5
µg/mL) or rabbit anti–EN-RAGE IgG (2 µg/mL) as
above. Molecular weight markers (kDa) are indicat-
ed on the right side of the immunoblot. Immuno-
histochemistry is shown for a representative section
from a diabetic MSA-treated mouse using nonim-
mune rabbit IgG (1 µg/mL in c) or affinity-purified
anti-AGE IgG (1 µg/mL in d–g). Samples are as fol-
lows: non-diabetes/MSA, d; diabetes/MSA, e; dia-
betes/sRAGE(–), f; and diabetes/sRAGE(+), g. Scale
bar: 45 µm. In h, the results of quantitative analysis
of the immunohistochemistry, performed as
described above, are shown.



Our present findings possess clinical relevance as
well, because current strategies to minimize destruc-
tion of supportive tissues in diabetic periodontitis lack
direct targeting of the host response. In fact, current
therapeutic modalities largely target the microbial
component of periodontal disease (48). In this context,
efforts are aimed at reducing microbial plaque from the
subgingival environment by nonsurgical or surgical
debridement of the root surface. However, especially
for patients with poor glycemic control, extensive sur-
gery may prove not to be an optimal course of treat-
ment, because impaired wound healing is certainly an
established feature of diabetes.

Previous studies have identified non-antimicrobial
mechanisms by which agents such as nonsteroidal anti-
inflammatory drugs, low-dose doxycycline and chemi-
cally modified tetracyclines (CMTs), antagonists of
proinflammatory cytokines, and inhibitors of cyclooxy-
genase-2 may exert beneficial effects in periodontal dis-
ease (49–52). Specifically, doxycycline and CMTs have
demonstrated promise in enhancing collagen produc-
tion and suppressing MMP synthesis/activation in cell-
based systems and diabetic organisms (28, 53, 54).
Indeed, recent observations that antagonists of IL-1
and TNF diminish the progression of inflammatory
cell infiltration toward alveolar bone in a primate
model of experimental periodontitis strongly support
the notion that suppression of inflammatory media-
tors is critical in interrupting the tissue-destructive
course of periodontal disease (55).

Our observations highlight a central pathogenic role for
RAGE in the development of accelerated periodontal
inflammation and alveolar bone loss in diabetic rodents.
Although our studies demonstrated reduced alveolar
bone loss in the presence of sRAGE, it is likely that admin-
istration by the intraperitoneal route is not the most opti-
mal. These considerations underscore the possibility that
future efforts to block periodontal RAGE might best be
performed by local delivery at the site of the periodontal
lesion, a feat not technically feasible in the murine model
because of the small size of the involved tissues.

Taken together, the present findings delineate a crit-
ical link between oral infection, exaggerated inflam-
matory host responses, and destruction of alveolar
bone in diabetes. These observations highlight a cen-
tral pathogenic role for RAGE in these settings and
identify RAGE as a directed, logical target for suppres-
sion of periodontal destruction in diabetes. Indeed,
optimal suppression of periodontal inflammation, in
turn, is likely to preserve a range of homeostatic prop-
erties in the diabetic host.
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